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Abstract
Purpose: To introduce the heterogeneous multiscale (HetMS) model for Monte Carlo
simulations of gold nanoparticle dose-enhanced radiation therapy (GNPT), a model
characterized by its varying levels of detail on different length scales within a single
phantom; to apply the HetMS model in two different scenarios relevant for GNPT and
to compare computed results with others published.
Methods: The HetMS model is implemented using an extended version of the EGSnrc
user-code egs chamber; the extended code is tested and verified via comparisons with
recently-published data from independent GNP simulations. Two distinct scenarios
for the HetMS model are then considered: (1) monoenergetic photon beams (20 keV
to 1 MeV) incident on a cylinder (1 cm radius, 3 cm length); (2) isotropic point
source (brachytherapy source spectra) at the center of a 2.5 cm radius sphere with
gold nanoparticles (GNPs) diffusing outwards from the center. Dose enhancement
factors (DEFs) are compared for different source energies, depths in phantom, gold
concentrations, GNP sizes, and modeling assumptions, as well as with independently
published values. Simulation efficiencies are investigated.
Results: The HetMS MC simulations account for the competing effects of photon
fluence perturbation (due to gold in the scatter media) coupled with enhanced local
energy deposition (due to modeling discrete GNPs within subvolumes). DEFs are most
sensitive to these effects for the lower source energies, varying with distance from the
source; DEFs below unity (i.e., dose decreases, not enhancements) can occur at en-
ergies relevant for brachytherapy. For example, in the cylinder scenario, the 20 keV
photon source has a DEF of 3.1 near the phantom’s surface, decreasing to less than
unity by 0.7 cm depth (for 20 mg/g). Compared to discrete modeling of GNPs through-
out the gold-containing (treatment) volume, efficiencies are enhanced by up to a factor
of 122 with the HetMS approach. For the spherical phantom, DEFs vary with time
for diffusion, radionuclide, and radius; DEFs differ considerably from those computed
using a widely-applied analytic approach.
Conclusions: By combining geometric models of varying complexity on different
length scales within a single simulation, the HetMS model can effectively account
for both macroscopic and microscopic effects which must both be considered for accu-
rate computation of energy deposition and DEFs for GNPT. Efficiency gains with the
HetMS approach enable diverse calculations which would otherwise be prohibitively
long. The HetMS model may be extended to diverse scenarios relevant for GNPT,
providing further avenues for research and development.
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I. Introduction
The pioneering work of Hainfield et al using gold nanoparticles (GNPs) during irradiation of
tumor-bearing mice to increase survival1 has sparked a large number of studies investigating
the potential of GNPs in human radiotherapy treatments. While experimental work inves-
tigates various metrics related to the development of GNP dose-enhanced radiation therapy
(GNPT), numerical methods are employed to investigate radiation transport and energy
deposition due to the limitations of experimental dosimetry in this context. Diverse compu-
tational models are employed to study increased energy deposition due to gold nanoparticles,
from analytic techniques2–4 to Monte Carlo (MC) simulations.5–7 In particular, computa-
tions are often used to determine the relative increase in dose due to the presence of GNPs,
defined as the dose enhancement factor (DEF), i.e., the ratio of dose with GNPs present to
that without.
Accurate computations of DEFs in GNPT can present considerable challenges. For
realistic radiation therapy scenarios, energy deposition within both the treatment volume
and surrounding normal healthy tissues must be considered, resulting in volumes of interest
greater than (1 cm)3. For a frequently-cited concentration of gold (7 mg of gold per g of
tissue or water), there may be up to ∼ 1016 GNPs in (1 cm)3 of tissue, depending on GNP
size. Modeling such a large number of GNPs strains most computational approaches. Within
the context of MC simulations, most studies considering whole tumor volumes of interest
(millimetres or greater) use a macroscopic model in which voxels represent a homogeneous
mixture of soft tissue and gold with a single mass density8,9 to avoid modeling large numbers
of GNPs. However, this approach may overestimate the effect of GNPs as it does not
account for absorption of energy within GNPs themselves and it is the enhanced dose to
tissue (not gold) which is the quantity of interest for GNPT. On the other hand, researchers
have employed detailed simulations of discrete (not averaged or homogenized) GNPs within
tissue/water considering microscopic volumes of interest.5, 10–12
Research to connect the macroscopic and microscopic approaches has been limited and
varying. To avoid modeling GNPs individually in a macroscopic volume yet still extract the
DEF in pure tissue, Koger and Kirkby recently presented a database of factors to convert
dose scored in a homogeneous blend of tissue and gold to dose scored in tissue containing
discretely-modeled GNPs.13 Some researchers have discretely modeled GNPs in a macro-
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scopic volume using the simple geometry of a cubic lattice of GNPs embedded in an otherwise
homogeneous water or tissue phantom.14–18 Cai et al19 used a lattice on a cellular scale, cre-
ating a multi-cell configuration containing discretely-modeled GNPs spanning (0.24 cm)3.
Douglass et al6 modeled single shapes (spheres or spherical shells) to represent aggregates
of GNPs within a multi-cell model of total volume (0.04 cm)3. While the volumes consid-
ered in the latter two studies are above the microscopic scale, they are at least an order of
magnitude too small for full GNPT simulations.
The current work focuses on bridging the gap between the microscopic and macroscopic
paradigms. We introduce the heterogeneous multiscale (HetMS) model for MC simulations
within the context of GNPT, a general framework based on the idea of combining distinct
models of varying level of detail on different length scales in a single simulation. In the
current work, HetMS models involve homogenized tissue-gold mixtures or pure tissue in
larger (∼cm) volumes and discrete modeling of GNPs embedded in tissue within distinct
subvolumes. The HetMS approach is initially presented via example calculations with a
cylindrical phantom, in which DEFs are computed at varying depths for photon sources
of different energies. A more sophisticated radiotherapy scenario recently presented20 is
then considered, determining DEFs and comparing to published values computed with an
analytic approach2 used in many other studies. Validation of simulations and considerations
for future research are discussed.
II. Methods
MC simulations are carried out using the EGSnrc21 distribution with the egspp class library.22
The user-code egs chamber23 is used due to its variance reduction techniques, but is modified
to enable energy-deposition scoring in multiple regions. Transport parameters are generally
EGSnrc defaults with the following exceptions: pair angular sampling is turned off, Rayleigh
scattering and electron impact ionization are turned on, NRC cross section data are used
for bremsstrahlung events and XCOM cross section data24 are used for photon interactions.
ExplicitM- and N -shell transitions are modeled to account for the dosimetric effects of these
atomic relaxations25 (EGSnrc default is to treat M- and N -shell transitions in an average
way); note that K- and L-shells are considered explicitly by default. Photons and electrons
are simulated down to 1 keV kinetic energy. The high resolution random number generator
Heterogeneous multiscale MC simulations for GNP radiosensitization page 4
option is enabled.
A cubic lattice geometry class is created to efficiently model GNPs within a medium
discretely. While cubic lattices have been employed in other studies,14, 17 the following de-
scribes our implementation within EGSnrc for the current work. The cubic lattice class takes
a previously-defined geometry, chosen to be a gold sphere in the current work, and places it
at (anx, any, anz) for integers nx, ny, nz and an arbitrary spacing a (which determines gold
sphere number density); the same instance of the chosen geometry is placed at all possible
positions within a volume. This lattice geometry allows for large reductions in memory used,
as well as reducing radiation transport times compared to a simulation in which each GNP
geometry is modeled individually. In simulations where the cubic lattice is irradiated by a
parallel beam, the lattice is tilted (15◦ about one perpendicular axis and 30◦ about the other)
relative to the beam axis to avoid shadowing (i.e., having all primary photon trajectories
either intersecting with all the GNPs in a row or none at all) which would create a bias
that would not exist in a random distribution. Results in this study are not sensitive to the
angles chosen as long as the cubic lattice axes are not close to parallel (within 3◦) with the
beam.
II.A. Verification of MC simulations with GNPs
We perform a verification of our MC simulations involving GNPs using the recent (inde-
pendent) results of Koger and Kirkby.13 Using PENELOPE, these researchers modeled
monoenergetic photons or electrons incident on microcavities filled with either randomly-
distributed GNPs embedded in ICRU tissue26 or a homogeneous mixture of gold and tissue.
Photons and electrons were simulated down to 100 eV, and electrons leaving the microcav-
ity were transported back into it for full energy deposition. Ratios of the dose-to-tissue
relative to dose to the homogeneous blend of tissue and gold were published (to allow con-
version of dose scored in a mixture to dose-to-tissue) for a range of source energies and GNP
concentrations.13
In the current work, dose ratios (dose-to-tissue relative to dose-to-mixture of tissue and
gold) are calculated with simulations involving cylindrical geometries. A monoenergetic (20,
30 or 50 keV) parallel photon beam (circular cross section, 150 µm radius) is incident on a
cylinder (150 µm radius, 200 µm long) containing either a lattice of GNPs (20 or 100 nm
II.A. Verification of MC simulations with GNPs
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diameter) embedded in pure ICRU tissue26 or a homogeneous mixture of gold and ICRU
tissue (concentrations of 5, 10 and 20 mg/g). Dose is scored in a smaller cylinder (100 µm
radius, 100 µm long) located at the center of the larger cylinder (see Fig. 1). The dose ratio Fig 1
(or conversion factor) is computed by taking the ratio of the doses scored in the GNP lattice
to homogeneous scenarios.
Figure 1: Schematic diagram for verification of MC simulations with GNPs: cross section of
the cylindrical phantom comprised of a lattice of GNPs embedded in tissue; the scoring region,
outlined in red, is at the center of the larger phantom. For the homogeneous scenario, the
cylindrical phantom consists of a single medium that is a homogeneous mixture of gold and
tissue.
II.B. Parallel beam of monoenergetic photons incident on cylinder
For the first set of calculations using the HetMS model, parallel beams (circular cross sec-
tion, 1 cm radius) of monoenergetic photons with energies 20, 30, 50, 90, and 200 keV, as
well as 1 MeV are incident on cylindrical phantoms (1 cm radius, 3 cm long), depicted in
Fig. 2. In the HetMS model, the cylinder is comprised of a homogeneous mixture of ICRU Fig 2
tissue26 and gold, containing smaller cylinders (100 µm radius, 100 µm long) comprised of
a lattice of discretely-modeled spherical GNPs within (pure) ICRU tissue (Fig. 2a). A total
of 119 smaller cylinders evenly-spaced along the central axis of the cylindrical phantom are
simultaneously modeled and energy deposited within the tissue (not GNPs) is scored. For
comparison, a fully homogeneous cylinder is modeled in which all regions are a mixture of
tissue and gold and dose is scored therein (Fig. 2b). Simulations are then repeated with a
tissue-only phantom to provide the denominators for computation of DEFs (Fig. 2c). Sim-
ulations are performed for concentrations of 5, 10 and 20 mg/g, and GNP diameters of 20
and 100 nm. Results for the HetMS model (Fig. 2a) are compared to those from simula-
II.B. Parallel beam of monoenergetic photons incident on cylinder
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tion of the cylinder comprised of tissue entirely filled with a GNP lattice (for a subset of
source energies and gold concentrations) for further validation, as well as characterization of
simulation efficiencies.
Figure 2: Schematic diagrams for cylindrical phantom simulations: (a) HetMS model with
homogeneous gold-tissue phantom with 119 smaller cylinders consisting of GNPs embedded in
tissue placed at even intervals along the central axis; (b) corresponding fully homogeneous (gold-
tissue mixture) phantom; and (c) pure tissue phantom.
II.C. Brachytherapy source in a sphere with varying gold concen-
tration
The second scenario modeled in the HetMS framework is from the work of Sinha et al20
who considered a polymer film embedded with GNPs coated on the inter-seed spacers used
in prostate permanent implant brachytherapy; the film dissolves over time in the patient,
releasing GNPs which diffuse outward to create a significant concentration of gold in the
treatment volume. Sinha et al calculated DEFs using a previously-developed analytical
calculation approach:2 calculations were performed at different radii within a water sphere
containing an isotropic point source (125I, 103Pd and 131Cs) at its center. Assuming GNPs
steadily released from the sphere center and, using Fick’s second law of diffusion,27 GNP
concentration was determined as a function of time and radial position within the sphere,
II.C. Brachytherapy source in a sphere with varying gold concentration
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enabling computation of DEFs. No particular localization of GNPs within tumor cells was
assumed, i.e., GNPs randomly arranged within a region of a given concentration.
In the HetMS model simulation of the above scenario, a 2.5 cm radius sphere divided into
0.5 mm shells each containing a homogeneous mixture of gold and water with concentrations
based on the diffusion of GNPs from the center is modeled (Fig. 3). The 50 shells are a Fig 3
discrete approximation of the continuous decrease in concentration expected. At the center
of each homogeneous shell, a 100 µm thick spherical shell comprised of 20 nm diameter GNPs
in a lattice embedded in water is modeled, and dose is scored in water within these regions.
An isotropic point source at the center of the sphere is used assuming the spectra leaving the
following seed models:28 OncoSeed 671129,30 (125I), IsoRay CS131,32 (131Cs), and TheraSeed
20032,33 (103Pd). Simulations are repeated with an all-water geometry (no gold) to provide
the denominators to compute DEFs.
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Figure 3: (a) Schematic cross-sectional diagram of the sphere with GNPs released from its center;
homogeneous water-gold mixtures are modeled in spherical shells 0.5 mm thick. A 100 µm thick
spherical shell consisting of discretely-modeled GNPs in water (shown above) is embedded in
each shell. (b) Gold concentrations within the sphere as a function of radius for different times
after implantation assuming 7 mg Au/g water at the center and following Fick’s second law of
diffusion.
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III. Results
III.A. Verification of MC simulations with GNPs
Table 1 presents dose ratios (dose-to-tissue relative to dose to a homogeneous tissue-gold Table 1
mixture) for various gold concentrations and source energies. While many values computed
in the current work agree with the published values of Koger and Kirkby13 within the 1σ
statistical uncertainties indicated, all values agree within 2σ uncertainties except for the 20
keV beam with 20 nm diameter GNPs at a concentration of 20 mg/g, which is at 2.1σ. The
largest percent difference observed is 2.6% for the 50 keV beam with 20 nm diameter GNPs
having a concentration of 20 mg/g (quadrature sum of the 1σ statistical uncertainties is
1.3%). The absolute difference between our results and those of Koger and Kirkby averaged
over all the source energies, GNP diameters, and gold concentrations considered is 0.92%.
Simulations repeated with larger cylindrical phantoms (radii of 200 or 300 µm rather than
150 µm, lengths of 300 or 400 µm rather than 200 µm) but with the same central scoring
volume (radius 100 µm, length 100 µm) yield dose ratios in agreement within statistical
uncertainties.
Table 1: Verification of Monte Carlo simulations: Comparison of dose ratios (dose-to-tissue
relative to dose to a homogeneous tissue-gold mixture) for 20 and 100 nm diameter GNPs for the
current work (Fig. 1) and the independent results of Koger and Kirkby.13 Statistical uncertainty
(1σ) on the final digit(s) is indicated in parentheses.
GNP 20 nm diam. GNPs 100 nm diam. GNPs
Concentration Energy Koger and This Koger and This
(mgAu/gtissue) (keV) Kirkby work Kirkby work
20 0.949 (6) 0.951 (3) 0.884 (7) 0.882 (3)
5 30 0.969 (8) 0.963 (5) 0.927 (7) 0.930 (5)
50 0.984 (12) 0.990 (9) 0.974 (10) 0.950 (9)
20 0.937 (6) 0.926 (2) 0.827 (6) 0.824 (2)
10 30 0.950 (8) 0.947 (4) 0.910 (7) 0.901 (4)
50 0.984 (11) 0.968 (8) 0.946 (10) 0.952 (7)
20 0.917 (7) 0.902 (2) 0.791 (6) 0.782 (2)
20 30 0.952 (8) 0.939 (3) 0.881 (7) 0.875 (3)
50 0.986 (11) 0.961 (6) 0.942 (10) 0.929 (6)
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III.B. Parallel beam of monoenergetic photons incident on cylinder
The results of the cylinder simulations for 20 nm diameter GNPs are summarized in Figure 4. Fig 4
Focusing first on photon source energies below 200 keV, DEFs for all concentrations are most
substantial near the surface of the phantom, ranging from 1.6 to 4.2, and decrease with depth.
DEFs decrease more rapidly with increasing depth in the 20 mg/g case: for the 50 keV source,
DEFs decrease from 4 to 2.5 over the 3 cm length of the phantom, while DEFs for the 20 keV
source are near 3 at the surface and decrease nearly to zero. DEFs decrease below unity for
some gold concentrations and source energies: for 5 mg/g and a 20 keV source, there are
DEFs< 1 for depths of 1 cm or more; for 10 and 20 mg/g, DEFs drop below unity within
the 3 cm long phantom for a 30 keV beam as well. These phenomena arise due to competing
effects of enhanced local energy deposition (due to photoelectric interactions in local GNP)
and decreasing fluence with depth (due to the presence of gold between the front of the
cylinder and the scoring depth, i.e., within the scatter media), and are expected on the
basis of energy conservation. When the effects of the decreasing fluence exceed local energy
deposition gains, dose scored within the HetMS model is lower than that in the pure tissue
phantom (no gold), resulting in DEFs below unity, i.e., dose decreases not enhancements,
making DEF a misnomer. Despite this, the dose ratio will continue to be referred to as a
DEF for the purposes of continuity.
As source energy increases, the relative importance of photoelectric events decreases
resulting in DEFs nearer unity and less variation in DEFs with depth. For 200 keV photons,
DEFs are approximately constant with depth within the 3 cm phantom, at a value near 1.05
for 5 mg/g and 1.40 for 20 mg/g. For the 1 MeV beam, incoherent (Compton) interactions
dominate resulting in DEFs near unity for the length of the cylinder – no significant dose
enhancement.
DEFs computed with 20 or 100 nm diameter GNPs in scoring regions (HetMS model)
along with the homogenized tissue-gold mixture are summarized in Figure 5 for the 20 keV Fig 5
photon source. In general, DEFs within the homogeneous model (qualitatively) follow the
same trends as those in the HetMS model, showing competition between attenuation of
fluence and enhanced energy deposition. However, for all gold concentrations and GNP
diameters, DEFs computed within the homogeneous model overestimate those for the HetMS
model: discrepancies are as large as 20% for the 20 keV beam and vary with depth. As source
III.B. Parallel beam of monoenergetic photons incident on cylinder
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Figure 4: DEFs versus depth within the cylindrical phantom (Fig. 2) with concentrations of (a)
5 and (b) 20 mg of Au per g of tissue for 20 nm diameter GNPs with incident photon source
energies of 20 keV to 1 MeV. DEFs for 90 keV which show smaller magnitude but similar trends
to the results for 50 keV are omitted for clarity. Results for simulations with a concentration of
10 mg/g (omitted) exhibit similar trends to 5 and 20 mg/g.
energy increases, discrepancies between DEFs computed with the HetMS and homogenized
models decrease (results not shown; see also dose ratios presented in table 1, section III.A.).
The overestimation observed for DEFs computed in the homogenized model stems from the
inclusion of energy deposited within gold into the total ‘enhanced’ dose, while it is only dose
to tissue (not gold) that is relevant for GNPT.10, 15 In the HetMS simulations with GNPs
modeled discretely and dose in tissue scored, photoelectrons generated in the gold may
deposit all their energy in the gold or they must travel some distance (and deposit energy)
before entering tissue. By energy conservation, there is then less dose in the numerator for
the computation of DEFs. Comparing HetMS model results for 20 and 100 nm diameter
GNPs but same total gold concentration, DEFs are consistently higher with smaller GNPs
for lower source energies (20 and 30 keV) but do not vary significantly at higher energies.
Sensitivity to GNP size stems from the re-absorption of electrons generated within GNPs
which is more important for larger GNPs.10, 15
All results presented with the HetMS model thus far might have been carried out in a
phantom with each GNP modeled discretely, rather than combining models with different
features on different length scales, as done for the HetMS model. We carried out a subset
III.B. Parallel beam of monoenergetic photons incident on cylinder
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Figure 5: DEFs versus depth within the cylindrical phantom (Fig. 2) with concentrations of 5
and 20 mg/g for 20 and 100 nm diameter GNPs with 20 keV incident photons. DEFs computed
for the 30 and 50 keV source energies show similar trends to the 20 keV case but are omitted for
clarity.
of simulations in a cylindrical phantom comprised of ICRU tissue with a lattice of GNPs
spanning the entire phantom, and results agreed with those computed within the HetMS
model with GNPs only modeled in subvolumes (Fig. 2) within statistical uncertainties. The
major difference between the two sets of simulations was time or, equivalently, efficiency:
ǫ =
1
s2t
, (1)
where t is the simulation time and s is the average percent uncertainty on doses in the
119 scoring regions (spanning the 3 cm long cylindrical phantom). Table 2 demonstrates
considerable efficiency gains with the HetMS model compared with having a lattice filling
the entire volume of interest, with efficiencies enhanced by factors of 24 (20 mg/g; 20 keV)
to 122 (5 mg/g; 50 keV); HetMS simulations have lower efficiencies than the corresponding
(inaccurate) homogeneous models by 15% (5 mg/g; 20 keV) to 31% (20 mg/g; 20 keV).
Efficiencies vary with source energy and gold concentration, e.g., the lower efficiency of the
20 keV photons and gold concentration 20 mg/g reflects larger statistical uncertainties at
depth in the cylinder (due to considerable attenuation of these relatively low energy photons
with the higher concentration of gold).
Simulation times (on a single Intel Xeon 5160 core) may be deduced from the results
III.B. Parallel beam of monoenergetic photons incident on cylinder
Heterogeneous multiscale MC simulations for GNP radiosensitization page 12
in Table 2: for the concentrations and source energies considered therein, HetMS simulation
times for s = 2% average uncertainty range from 0.12 years (5 mg/g; 50 keV) to 0.91 years
(20 mg/g; 20 keV) while full lattice simulation times range from 3.9 years (5 mg/g; 20 keV)
to 22 years (20 mg/g; 20 keV). The results presented in Figs. 4 and 5 are from simulations of
> 1010 histories, with number of histories adjusted to achieve the relatively small error bars
(depending on source energy and gold concentration). We have not included the times for
these particular calculations because simulations were run on multi-core clusters with CPUs
of varying speeds, and hence these calculation times (or efficiencies) are not representative
measures.
Table 2: Example efficiencies (Eq. 1) for HetMS simulations in the cylindrical phantom (Fig. 2a),
with efficiencies relative to the tissue cylinder entirely filled with a lattice (“HetMS/Lattice”) and
to the homogeneous gold-tissue mixture cylinder (Fig. 2b; “HetMS/Homog”). Estimates of
efficiencies are based on calculation times for simulation of 3.6× 106 histories on a single thread
Intel Xeon 5160 (3.00 GHz) core. The time to achieve s =1% is 1/ǫ.
Concentration Energy Efficiency Relative efficiency
(mgAu/gtissue) (keV) HetMS (h
−1) HetMS/Lattice HetMS/Homog
5 20 2.2× 10−4 29 0.85
50 2.4× 10−4 122 0.69
20 20 3.1× 10−5 24 0.73
50 2.1× 10−4 89 0.72
III.C. Brachytherapy source in a sphere with varying gold concen-
tration
DEFs as a function of radius computed within the HetMS model for the spherical phantom
with varying gold concentration (Fig. 3) are shown in Fig. 6a for 125I at different times. Near Fig 6
the source, the DEFs range from 1.4 after 1 day to near 1.9 after 33 days or more. DEFs go
to unity at small radii for the 1 and 5 day cases, whereas decreases in DEFs to unity happen
at larger radii later in the treatment (33 days or more). For each treatment time considered,
DEFs drop below one at some radius, e.g., 0.35 cm for 5 days, 0.7 cm for 33 days, and
1.2 cm for 200 days. As observed in the cylindrical phantom computations (section III.B.),
DEFs< 1 correspond to a dose decrease due to decreasing fluence resulting from gold between
the source and scoring regions. For the current spherical geometry involving varying gold
III.C. Brachytherapy source in a sphere with varying gold concentration
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concentrations (Fig. 3b), dose decreases are observed in regions where there is a non-zero
concentration of gold, as well as at larger radii where effectively no GNPs have diffused.
Similar trends are observed for the 131Cs and 103Pd sources (Fig. 6b), however, exact DEF
values depend on radionuclide source spectrum, with lower (higher) DEFs for 103Pd (131Cs)
compared to 125I.
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Figure 6: (a) DEF versus radius within the spherical phantom (Fig. 3) at different times during
treatment with 125I. (b) Comparison of DEF versus radius for different radionuclides after 33 days.
Both panels present results of the current work (closed symbols and solid lines; error bars for
statistical uncertainties are often too small to see) as well as data extracted from Sinha et al20
using plot digitization (open symbols and dotted lines).
DEFs from Sinha et al20 are presented alongside the HetMS results in Fig. 6. While
both sets of DEFs follow the same trends, they differ considerably: DEFs computed by Sinha
et al are consistently higher for all radii and times, and for all three radionuclides. For early
times in the treatment (1 and 5 days), 40% discrepancies are observed near the source, but
agreement is better near a radius of 5 mm where little gold has diffused. For later times (33
days or more), differences range from 5 to 50%. Most notably, DEFs computed by Sinha et
al never drop below one – all DEFs converge to unity with increasing radius whereas the
effects of increased fluence perturbation with radius (due to gold), seen in HetMS results in
Fig. 6, are not apparent.
III.C. Brachytherapy source in a sphere with varying gold concentration
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IV. Discussion
The cylindrical and spherical phantom examples illustrate the main ideas of the HetMS
model for GNPT: distinct models are employed on different length scales in order to capture
relevant physics effects within a single, relatively efficient, simulation. While these ideas are
generalizable to consider many issues in GNPT using the HetMS approach (more below), the
current work focuses on relatively simple HetMS models involving homogenized tissue-gold
mixtures (or pure tissue) in the bulk of phantoms (possibly with varying gold concentration)
with 50 or 119 microscopic regions containing discretely-modeled GNPs in tissue. Employing
the homogenized, tissue-gold mixture (or pure tissue) within the bulk of the phantom enables
realistic representation of scatter conditions and determination of fluence. The discrete
modeling of GNPs within smaller (∼µm) regions enables scoring of energy deposition within
the tissue in which GNPs are embedded.
The lattices employed herein for modeling arrays of GNPs are not required as part of
the HetMS approach, rather, they may be a useful approach for geometry specification. Lat-
tices have been employed elsewhere for GNPT (discussed above; Refs.14–19), but they have
not been combined with the homogenized tissue-gold mixtures as done within our HetMS
models, nor used within more sophisticated phantoms with multiple GNP lattices to model
varying gold concentrations (spherical phantom simulations, section III.C.). Furthermore,
the HetMS approach enables considerably more efficient simulations than otherwise possible
with discrete modeling of GNPs throughout the entire GNP-containing volume (as done
previously14–19). We observed efficiency gains of factors of up to 122 within the cylindrical
phantom (table 2), with efficiency gains varying with source energy and gold concentration.
In general, efficiency gains would depend on the details of the geometry considered, e.g.,
phantom size; number, size, and geometries of scoring regions; GNP concentration, source
energy, and so on. In certain circumstances, discrete modelling of each GNP within the
macroscopic volume would be impossible with available computer resources (memory, com-
puting time). Indeed, calculation times for the simulations presented herein would have been
prohibitively long without the HetMS approach – performing the current study using discrete
modeling of every GNP within the phantoms would have been computationally infeasible.
All of the cylindrical phantom simulations were completed in less time than it would take
to run the cylindrical simulation modeling discrete GNPs everywhere for only an energy of
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20 keV and concentration of 20 mg/g.
DEFs computed for the cylindrical phantom scenario (section III.B.) demonstrate the
competing effects of enhanced local energy deposition and decreasing fluence with depth in
the phantom. While dose enhancements are observed for many source energies, DEFs change
considerably with depth: DEFs< 1 are observed for lower energy sources (20, 30 keV) within
the phantom. These dose decreases have the potential to create cold spots in a treatment
volume and must be accounted for in any algorithm for GNPT dosimetry or treatment
planning.
The results of our cylinder simulations are generally comparable with those presented
in other published works. For example, the magnitudes of DEFs observed at the front of
the cylindrical phantom for 20 and 30 keV sources (Fig. 4) are generally in agreement with
those predicted by Roeske et al for 103Pd and 125I using analytic calculations.34 Results of
some other works show gradients in DEFs over ∼cm length scales (although often not dose
decreases, DEFs< 1), e.g., MC models employing a (1 cm)3 lattice of GNPs and considering
kilovoltage photon/brachytherapy sources,15, 17 as well as MC models involving homogenized
tissue-gold mixtures (no discrete modelling of GNPs) irradiated by 125I, 50 kVp x ray, and
169Yb sources.9 In contrast, results of the similar work of Mesbahi et al (who modeled a
(1 cm)3 region containing a lattice of GNPs (of varying diameter; concentrations of 7 and
18 mg/g) within a larger phantom) do not have a downward trend in DEFs with depth. This
is likely due to the relatively low resolution of their dose scoring grid, the shorter distance
(1 cm) they considered within the region containing GNPs (along with the magnitude of
statistical uncertainties), or the fact that the lattice had an axis aligned with the parallel
beam incident on the phantom (see Fig. 1 in Mesbahi et al14). Within the context of tumor
dose enhancement using modified megavoltage beams and gadolinium or iodine contrast
media (not GNPT), Robar et al noted decreasing trends in dose enhancement over centimeter
length scales.35
With the potential for considerable DEFs at kilovoltage energies, previous studies have
investigated DEFs for brachytherapy involving GNPs (see, e.g., Refs.5, 9–11, 15, 17). Recent
works considered new avenues for GNP delivery within the context of accelerated partial
breast irradiation with an electronic brachytherapy source36 and prostate brachytherapy20
with GNPs diffusing within the treatment volume. Our spherical phantom simulations con-
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sidered the latter scenario, with considerable discrepancies (up to 50%) observed between
the published DEFs computed by Sinha et al and those from our HetMS model (Fig. 6).
Sinha et al indicate 10% uncertainties on their DEFs,20 citing another work dealing
with dose enhancement to endothelial cells via megavoltage x rays and GNPs,37 however,
it is unclear where the figure of 10% originates given the different considerations for the
kilovoltage sources in the brachytherapy context. Uncertainties of 10% do not account
for the observed discrepancies in Fig. 6. While seed models and spectra of Sinha et al
were unspecified, different spectra do not explain discrepancies as we found relatively small
variations in DEFs computed assuming different spectra of the same radionuclide. Sinha et al
further note that their analytic approach2 to compute DEFs has been validated against MC
results in previous publications.20 However, there are many approximations in this analytic
calculation that are questionable in the current context, e.g., ignoring the effects of scatter
and attenuation of primary photons due to gold. These approximations may result in the
considerable discrepancies between the DEFs computed via the analytic approach and the
HetMS model. The validity of the assumptions of this analytic approach2 across the diverse
published applications3, 20, 36, 37 is doubtful.
Validation of computational models used to determine DEFs is generally challenging
due to the lack of experimental data for comparison and difficulties in cross comparisons
between distinct published (computational) works with their differences in geometries, mod-
eling assumptions, sources, etc. For the current work, with the alterations to egs chamber
and the creation of the lattice geometry, the code was tested for self-consistency. Simu-
lations were tested for robustness under variations in transport parameters. The use of
1 keV energy transport cutoffs for photons and electrons was investigated by repeating sim-
ulations with these cutoffs increasing in 125 eV increments up to 2 keV (i.e., 1.000 keV,
1.125 keV, 1.250 keV, ..., 2.000 keV); results agreed within statistical uncertainties up to
1.75 keV. Several results in Fig. 4 were replicated using 10 µm long scoring cylinders instead
of 100 µm cylinders, hence demonstrating insensitivity to variations in the µm scoring region
dimensions.
The demonstrated agreement between our results and those of Koger and Kirkby (Table
1, section III.A.) from their PENELOPE simulations (100 eV transport cutoff) provides vali-
dation of our simulations, demonstrating the appropriateness of EGSnrc with its condensed
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history (CH) approach (class II scheme38), as well as our 1 keV transport cutoff and lattice
geometry, for the scenarios considered herein. Cai et al noted good agreement when com-
paring their MCNP5 (CH algorithm for electrons, 1 keV transport cutoffs) results within
µm-scale cell compartments (cell and nucleus diameters of 18.6 µm and 12.6 µm, respec-
tively)19 to those previously published using PENELOPE10 (50 eV electron cutoff) when
scoring in microscopic regions. These observations support the use of CH codes and ∼ 1 keV
transport cutoffs in GNPT scenarios in which energy deposition need not be resolved on
nm length scales (40 nm range of 1 keV electron in water39) and when self-absorption of
sub-1 keV electrons within GNPs7, 10 is relatively unimportant. While use of such CH codes
and 1 keV transport cutoffs enhance simulation efficiency, thus making simulations possible
with available computing power, some GNPT applications require consideration of electron
transport to lower energies and event-by-event simulation of electron transport (with various
associated challenges40–42). These applications include quantification of energy deposition
with ∼nm resolution in the immediate vicinity of GNPs towards understanding possible
considerable DEF variability on nm length scales.11, 43
In their recent review article,42 Zygmanski and Sajo emphasized the importance of multi-
scale considerations for GNPT. The relevant discussion regarding simulation mainly focused
on a two-stage approach, e.g., first calculating a phase space within an efficient macroscopic
phantom and then creating a microbeam in a more detailed microscopic phantom (see Ref.42
and references therein). This approach involves two separate simulations and sometimes dif-
ferent macro/micro codes; typically, only a few depths within a phantom are considered.10–12
However, as seen in Figs. 4-6, variations in DEFs with depth may be considerable and of
importance for prospective clinical GNPT scenarios; indeed, variations in DEFs with depth
may be more considerable than much-studied variations of DEFs with source energy or gold
concentration (see Ref.42 and references therein). In contrast to the two-stage approach,
the HetMS concept enables a single relatively-efficient simulation modeling both macro- and
microscopic geometries: energy deposition may be computed within multiple microscopic
regions throughout the macroscopic phantom while still accounting for scatter conditions.
The HetMS approach described herein may be both implemented and applied in diverse
ways for GNPT. While we implemented the HetMS model within EGSnrc, the ideas are not
limited to one code system and might be implemented in different codes. Advanced geometry
modeling packages/capabilities would be a requirement of such a code; any efficiency gains
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would depend on the code details including geometry modeling approach, variance reduction
techniques, etc. Code choice would also be influenced by the application considered, e.g.,
whether simulation of radiation transport to sub-1 keV energies is needed. Such consider-
ations are required in the investigation of interactions of radiation in the vicinity of DNA
and GNPs44 or quantification of highly localized (nm) dose enhancement in the immediate
vicinity of a GNP.5, 10, 11 Radiation transport modeling could be different within distinct
parts of the HetMS model, e.g., lower transport cutoffs and distinct transport algorithms
within the microscopic geometry. Diverse GNPT scenarios including different possible radio-
therapy sources34, 43 could also be considered with the HetMS approach, computing various
quantities of interest beyond tissue cavity DEFs and nuclear DEFs, e.g., spectra of radiation
quanta within different regions or emitted from GNPs,10 enhanced energy deposited within
mitochondria.12,45
While our example simulations generally involved two distinct scales (1 – homogeneous
gold-tissue mixtures; 2 – discrete GNPs embedded in tissue), there could be more than two
‘levels’ of detail: different models on multiple scales in order to accurately model radiation
transport and energy deposition. Larger and more detailed phantoms might be considered.
Microscopic regions could have varying and more detailed arrangements of GNPs within
cells10, 46 according to biological distribution (including possible clustering), with subcellular
structures included, e.g., nucleus, mitochondria, DNA,6, 12, 45 towards understanding the bio-
logical effects of such treatments. These studies, coupled with work on radiobiological effect,
might help in exploring unanswered questions within the field of GNPT, e.g., decreased cell
survival in GNP treatments in the megavoltage range.44, 47
V. Conclusion
The current work presents a simultaneous multiscale approach, described as the heteroge-
neous multiscale (HetMS) model, accounting for both macroscopic and microscopic consider-
ations in a single simulation to accurately model the effects of GNPs within the radiotherapy
context. We have demonstrated the HetMS approach within the simple model of a cylin-
drical phantom consisting of homogeneous gold-tissue mixture in which microscopic regions
of discretely-modeled GNPs in tissue are embedded, as well as within a recently-proposed
prostate brachytherapy scenario involving GNPs diffusing from spacers. The HetMS ap-
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proach enables consideration of both scatter conditions and changes in fluence over the av-
eraged gold-tissue medium, as well as scoring in tissue containing GNPs but not within the
GNPs themselves. Compared to discretely-modeling GNPs throughout the gold-containing
volume, efficiency gains of factors of up to 122 were observed with HetMS simulations, en-
abling the calculations within the diverse scenarios considered herein with available comput-
ing power. Both sets of example calculations demonstrate considerable and varying depen-
dence of DEFs with depth in tissue, gold concentration, GNP size, and source energy. These
results, as well as observed discrepancies with DEFs computed using a broadly-applied ana-
lytic technique involving considerable approximations, emphasize the importance of HetMS
modeling for lower source energies, e.g., brachytherapy or orthovoltage treatments using
GNPs. The HetMS MC simulations may be extended in various ways, offering new avenues
for GNPT research.
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